Alkaliphilic Bacillus halodurans strain C-125 (JCM9153) was isolated in 1970 and characterized as a ␤-galactosidase producer (21) and xylanase producer (17, 18) . It is the most thoroughly characterized strain, physiologically, biochemically, and genetically, among those in our collection of alkaliphilic Bacillus isolates (19) . Generally, alkaliphilic Bacillus strains cannot grow below pH 6.5 but grow well above pH 9.5. The facultative alkaliphilic B. halodurans can grow at pH 7 to 10.5 if sodium ions are supplied at a sufficiently high concentration (1 to 2%) in the medium. Over the past 2 decades, our studies have focused on the enzymology, physiology, and molecular genetics of alkaliphilic microorganisms to elucidate their mechanisms of adaptation to alkaline environments. Industrial applications of these microbes have been investigated, and some enzymes, such as proteases, amylases, cellulases, and xylanases, have been commercialized (19, 46) .
Recently, analysis of the entire genome of alkaliphilic B. halodurans strain C-125 was completed and comparison of the genomic sequence with that of Bacillus subtilis has been done in an effort to clarify the mechanisms of adaptation to a highly alkaline environment and thereby further industrial use of alkaliphilic Bacillus strains as a first step (27, 45) . Through a series of genome analysis studies, it became clear that the B. halodurans genome contains 112 putative transposase (Tpase) genes. This is one of the notable features of this genome. Insertion sequences (ISs) are small mobile units of DNA consisting of, in general, a unique Tpase gene and terminal inverted repeats (IRs), which serve as the sites for recognition and cleavage by Tpases in transposition reactions (13, 14, 29, 35) . To date, a large number of ISs have been classified into 17 families principally based on the amino acid sequence similarities of their Tpases (30) . It has been reported that Synechocystis sp. strain PC6803 (23) , Escherichia coli MG1655 (6), Mycobacterium tuberculosis (11) , Deinococcus radiodurans (51) , and Lactococcus lactis (7) , whose whole genome sequences have been determined, possess multiple ISs of different families in their genomes. Some ISs form composite transposable elements, i.e., transposons, by flanking a DNA region containing antibiotic resistance genes or catabolic or pathogenic genes (4, 29, 41, 48) . It is well recognized that transposition of such mobile elements sometimes results in an insertional mutation or activation of a downstream gene (9, 12, 16, 22, 25, 26, 28, 47) . Since ISs and transposons are often associated with transmissible plasmids and bacteriophages, they have become distributed in a wide range of bacteria by horizontal transmission. Thus, ISs have played an important role in evolution by facilitating horizontal gene transfer and also in internal genetic rearrangements in the genome. It is of substantial interest and importance to determine how genetic events occurred by examining the behavior of ISs in the bacterial genome to understand the mechanisms of adaptation to dramatic changes in the environment, especially in the case of adaptation to extreme environments, such as those with high or low pH, high or low temperature, high pressure, or high salinity. In addition, we have a specific interest in determining how the behavior of ISs influences the improvement of enzyme productivity or the stability of enzyme production, because this may contribute to the development of some new theory on the basis of which systematic breeding of industrial strains can be pursued for fur- ther industrial application of alkaliphilic Bacillus strains possessing great potential for useful enzyme production.
In this work, we identified and characterized 15 kinds of new ISs and a group II intron in the 4,202,352-bp genome of B. halodurans C-125. Here, we report the distribution and orientation of the members of each element in the genome of strain C-125, the structure and target site sequence of each, and the phylogenetic relationships among them. In addition, we investigated the behavior of IS elements in the C-125 genome over a period of 2 decades by PCR using site-specific primer sets and by examining the digestion patterns of the chromosome obtained using various restriction endonucleases.
MATERIALS AND METHODS
Bacterial strains and media. B. halodurans C-125, formerly Bacillus sp. strain C-125 (44), lyophilized on 10 November 1983, was regenerated using Horikoshi II medium (pH 9.5) (42). Strain C-125 has been subcultured for 17 years to date, and it was used as a standard strain representative of the current generation. The cells were grown aerobically at 37°C in Horikoshi II medium (pH 7.5 or 9.5).
PFGE. B. halodurans chromosomal DNA for pulsed-field gel electrophoresis (PFGE) was prepared in agarose plugs by the method previously described (43) . Agarose blocks containing the chromosomal DNA were washed in 50 ml of 0.1ϫ Tris-EDTA buffer twice and then equilibrated with the corresponding restriction buffer at 4°C for 1 h. DNA was digested with 100 to 200 U of AscI or Sse8387I (Takara Shuzo, Kyoto, Japan) or I-Ceu I (New England Biolabs) at 37°C overnight in 500 l of the restriction buffer recommended by the manufacturer. In the case of other restriction endonucleases (SmaI, PacI, PmeI, BssHII, and SwaI), DNA was digested with 60 U of enzyme in 300 l of reaction mixture overnight. PFGE in 1% pulsed-field-certified agarose was performed by the method previously described (43) .
Amplification of ISs from chromosome of B. halodurans. Chromosomal DNA was isolated from B. halodurans C-125 as described previously (38) . Each IS region containing a Tpase gene from the chromosome of strain C-125 was amplified by PCR using the various primer sets. PCR was performed using a thermal cycler 9700 (Perkin-Elmer, Norwalk, Conn.) under the following conditions: 25 cycles of 30 s each at 94°C, 30 s at 58°C, and 1 min at 72°C.
Identification of ISs in C-125 genome. The regions 300 bp up-and downstream of each of the Tpase genes identified in our previous study (45) were searched for IR sequences by using the GENETYX-Mac program (version 10.0) from Software Development Co., Ltd. (Tokyo, Japan). In the cases in which two Tpase genes overlapped or were located close to each other, the region 300 bp upstream of the first Tpase gene and the region 300 bp downstream of the second Tpase gene were searched for IR sequences in a similar manner. When an IR was found in the region flanking a Tpase gene, the regions adjacent to both IRs (IRR and IRL) were searched for direct repeat (DR) sequences to identify target site duplication. When an IR was not found, the genome sequence of strain C-125 was searched for sequences showing nucleotide sequence similarity to the flanking regions 300 bp upstream and 300 bp downstream of the Tpase gene, using the BLAST2N program (2) to confirm the IS region (28) . The copy number of each IS was determined through a homology search of the genome of B. halodurans C-125 using the BLAST2N program in the GenomeGambler system (40) .
Nucleotide sequence accession numbers. The B. halodurans C-125 sequence has been deposited in the DDBJ, EMBL, and GenBank databases with accession numbers AP001507 to AP001520.
RESULTS AND DISCUSSION
Identification and characterization of new IS elements and group II intron in C-125 genome. In the previous study (45), we found many kinds of repeated sequences, most of which showed homology with Tpase genes carried by various IS elements. In the present study, we identified and characterized 16 kinds of new elements with or without terminal IRs and with or without target site sequence duplication (TSD), which is a DR. Many of them appear to belong to the known IS families, but a few appeared to belong to new IS families and a group II intron. Members of each of the elements are listed in Table 1 . Their locations are shown in Table 1 and Fig. 1 .
IS elements with IRs that generate TSD. Ten kinds of IS elements were found to have IRs and were flanked by TSD. One of them, at position bp 746586 to 747990 in the genome ( Fig. 1; Table 1 ), has imperfect IRs of 18 bp long, of which the distal 14-bp sequences with an 8-bp palindromic structure match perfectly (Fig. 2) . The IS element designated IS641 was found to be flanked by a 9-bp TSD ( Fig. 2; Table 2 ). IS641, 1,405 bp in length, shows 68% identity with the nucleotide sequence of IS4Bsu1 (33) belonging to the IS4 family (24) , and the Tpase of IS641 shows 70.3% similarity to that of IS4Bsu1. The DDE motif, which is conserved in most Tpases and other enzymes capable of catalyzing cleavage of DNA strands (14, 29, 35) , was found in the Tpase of IS641, i.e., D (124th amino acid [aa]), D (193rd aa), E (293rd aa), and K (300th aa). These findings support the view that IS641 should be categorized as a new member of the IS4 family ( Table 2 ). The genome of strain C-125 has two other copies of IS641 (IS641-01 and IS641-03), with a truncation or deletion in an IS641 segment, respectively ( Fig. 3 ; Table 2 ).
The IS element at position bp 2641522 to 2642665 ( Fig. 1 ; Table 1 ) has imperfect IRs that are 26 bp long (Fig. 2) . This IS element (1,142 bp in length), designated IS642, was found to be flanked by DRs of a TA sequence ( Fig. 2; Table 2 ). IS642 shows 43.5% identity with the nucleotide sequence of IS630, which duplicates the TA sequence at the target site (30) . There are two open reading frames overlapping at position bp 559 to 599 in IS642 (Fig. 3) . It is evident that this occurred due to a frameshift mutation, because the first and second open reading frames are both similar to the Tpase of IS630, showing 23.5 and 27.2% similarity, respectively. The DDE motif was found in the Tpase segment encoded by the region straddling the frameshift mutation (data not shown), as in the case of IS630. These results support the view that IS642 is a new member of the IS630 family (Table 2 ).
In addition, there are eight other new IS elements which carry terminal IRs and generate a TSD: IS643 (2,485 bp; IS21 family [36] ), IS651 (1,384 bp; ISL3 family), IS652 (1,461 bp; 43.3% identity to IS651), IS654 (1,384 bp; IS256 family [8] ), IS655 (1,221 bp; IS3 family [50] ), IS658 (1,058 bp; IS30 family [15] ), and IS656 (1,558 bp; 67.7% identity to IS662), and IS662 (1,566 bp). Two ISs (IS656 and IS662) do not show significant similarity to any other IS elements reported to date. These results suggest that IS656 and IS662 can be categorized as members of a new IS family (designated the IS656/IS662 family; Table 2 ). Note that some intact members of the IS elements described above were found not to be flanked by DRs of a target site sequence (Table 2 ). This indicates that rearrangements of the genome have occurred through transpositional recombination mediated by IS elements. There exist truncated members of each of the IS elements described above and below ( Fig. 3; Table 2 ), indicating the occurrence of internal rearrangements of the genome, probably through illegitimate recombination.
IS elements with IRs that do not generate TSD. The IS element designated IS663, with IRs 14 bp long, is present in the C-125 genome ( Fig. 2; Table 2 ). An intact element (1,980 bp) shows 42.2% identity to the nucleotide sequence of IS660 (1,963 bp), with IRs 16 bp long ( Fig. 2 ; Table 2 ). The putative Tpase of IS663 shows 45.5% similarity to that of IS660, suggesting that these two IS elements are related to each other. IS660 and IS663 show 52.7 and 59.5% identity, respectively, with the nucleotide sequence of an unclassified IS element, IS1272, from Staphylococcus haemolyticus (3 Table 2 ). It is notable that there are many copies of IS660, including various truncated forms, widely distributed throughout the C-125 genome ( Fig. 1 and 3 ), suggesting that IS660 may be the oldest IS element present in the genome and that its wide distribution may have occurred through complicated internal rearrangements of the C-125 genome. IS elements with no IRs. Three IS elements, designated IS657, IS650, and IS653, with no IRs were found to be present in the C-125 genome ( Fig. 2 ; Table 2 ). The first IS element, IS657, was found to be flanked by a 2-bp TSD. IS657 (734 bp) shows 42% identity to the nucleotide sequence of IS605 (10) , and the Tpase identified in IS657 is similar to that of IS605, showing 62.5% similarity, although IS605 (1,880 bp) is much longer than IS657. These results support the view that IS657 is a new member of the IS200/IS605 family (5, 10). There exist seven other copies of intact IS657 (IS657-02 to -05 and IS653-07 to -09) and one truncated copy of IS657 (IS657-06) ( Table 1 ; Fig. 2 and 3 ).
The second IS element, IS650 (1,929 bp), shows 43.9% identity to the nucleotide sequence of the third IS element, IS653 (1,805 bp). A putative Tpase in IS650 shows 78.2% similarity to that of IS653, indicating that these two ISs are closely related to each other. However, these two did not show significant similarity to any other IS elements reported to date, suggesting that they should be categorized as members of a new IS family (designated the IS650/IS653 family; Table 2 ). There exist six other copies of IS653 (IS653-02 to -07) ( Table 1 ; Fig. 2 and 3) .
A group II intron. Group II introns are catalytic RNAs that function as mobile genetic elements by inserting themselves directly into target sites in double-stranded DNA (1, 31) . The element, designated Bh.Int, has no IRs nor TSD ( Fig. 2 ; Table  2 ). This element (1,883 bp) shows 47.6% identity to the nucleotide sequence of the group II intron of Clostridium difficile (32) . The protein coding sequence (CDS) of Bh.Int is similar to the putative reverse transcriptase-maturase-transposase of the group II intron of C. difficile, showing 47.5% similarity. The CDS of Bh.Int also showed significant similarity to group II introns from Sphingomonas aromaticivorans (38.4%) (37) and Pseudomonas putida (25.7%) (accession no. Y18999). Among these putative reverse transcriptase-maturase-transposases, the amino acid sequence GTPQGG is well conserved as a consensus sequence. Thus, IS653 should be categorized as a new member of the group II introns. The C-125 genome contains four other copies of the element (Bh.Int-02 to -05) and two truncated copies of Bh.Int (Bh.Int-06 and -07) ( Table 1 ; Fig. 2 and 3) .
The presence of IS family members not identified in genomes of other Bacillus species. The genome of B. subtilis 168, the entire sequence of which has been determined, has no IS element (27) , although a new IS4 family insertion sequence, IS4Bsu1, has just been reported in the case of B. subtilis (natto), which is used as a starter strain for the production of natto (fermented soybeans) (33) . IS641 belonging to the IS4 family was also identified in the genome of B. halodurans, which is not taxonomically distant from B. subtilis except for the alkaliphilic phenotype. The IS elements belonging to the families of IS3, IS4, IS6, IS21, IS630, and IS982 and to the group II intron have been reported from other Bacillus strains (Table 3) . Interestingly, however, any IS elements belonging to the ISL3, IS256, IS30, IS200, and IS605 families have never been reported from other Bacillus strains to date (Table 3) .
Comparison and phylogenetic analysis of Tpases. The amino acid sequences of the putative Tpases of the IS elements identified in the C-125 genome were compared. As expected from the nucleotide sequence identity, the Tpase of IS650 showed 78.2% similarity to that of IS653 and the Tpase of IS656 showed 71% similarity to that of IS662 (Fig. 4A) . Also, the putative Tpase of IS652 showed relatively high similarity (56.3%) to the Tpases of a series of IS651-related elements and the Tpase of IS660 showed 44.5% similarity to that of IS663 (Fig. 4A) . However, the Tpases of the other IS elements (IS641, IS642, IS643, IS654, IS655, IS657, IS658, IS660, and  IS663) showed only low similarity to one another, much lower than 28.6%, supporting that these 10 IS elements are derived from a different origin (Fig. 4A ). IS651 and IS652 are the most common IS elements in the C-125 genome, as there are 22 copies of the intact form of IS651 and 19 copies of the intact form of IS652 (Tables 1 and 2 ). The amino acid sequences of the Tpases encoded in the 19 copies of IS652 were identical, except for that of a member (IS652-06) in which a leucine residue was substituted for an isoleucine residue. The amino acid sequences of putative Tpases encoded in the 22 copies of intact IS651, varied, however, with the similarity values ranging from 94.8 to 100% (Fig. 4) . The amino acid sequences of all putative Tpases of the 22 copies of intact IS651 were aligned, and a phylogenetic tree was constructed using the NJ algorithm (39) . The tree clearly shows relationships among the IS651 members with variety (Fig. 4B) .
Alteration of protein-coding regions mediated by IS. To investigate how protein-coding regions are affected by ISs in the genome, the CDSs in the regions adjacent to each IS were analyzed. The nucleotide sequence of the 3-kb region upstream and that of the 3-kb region downstream of each of all intact IS elements identified in this study were extracted from the entire genome sequence through the ExtremoBase web site (http://www.jamstec.go.jp/jamstec-e/bio/DEEPSTAR/FResearch .html). The 6-kb sequence, from which the IS region was excised ( showed very low similarity to one another and to those of the other IS elements, and therefore they are not shown here. (B) Unrooted phylogenetic tree of the Tpases of the copies of IS651 identified in the C-125 genome. Amino acid sequences of the IS651 Tpases were aligned using the Clustal multiple-alignment program (Clustal X) (49) . Sites involving gaps were excluded from all analyses. Consensus sequence segment alignment of the whole region was used to construct a phylogenetic tree for the various IS651 Tpases. A phylogenetic tree was constructed by the neighbor-joining method (39) using the Clustal X program, version 1.64b, and drawn by means of Tree view. Bar ϭ 0.01 Knuc unit. and IS658). In four examples shown in Fig. 5A , two CDSs (CDS 1 and CDS 2) on both sides of a Tpase gene were identified as originating from one CDS, suggesting that it had been divided into two parts by IS insertion. The gene encoding an ATP-binding cassette transporter (permease) consisting of 616 aa seemed to be divided into two genes encoding BH0274 (73 aa) and BH0276 (541 aa) by IS insertion. Similarly, the gene for a response regulator (a member of the AraC/XylS family) seemed to be divided into two genes encoding BH3443 (207 aa) and BH3446 (200 aa). In addition, two other genes of unknown function were also each presumably divided into two genes, BH2341 (271 aa) and BH2344 (299 aa) in the first case and BH2977 (19 aa) and BH2979 (99 aa) in the second case (Fig. 5A) . On the other hand, eight CDSs located upstream of Tpase also seemed to be affected by IS, as shown in Fig. 5B . Six CDSs (BH0175, BH1413, BH2525, BH2697, BH3502, and BH3949) likely occurred by truncation of the original CDS by IS insertion. Two CDSs, BH2697 and BH3949, have been annotated as an ATP-binding cassette transporter (permease) and L-indole 2-dehydrogenase, respectively (45) , but the functions of the other four CDSs are still unknown. The gene encoding BH0669, of unknown function, seems to have become 3 bases longer than the original one through the insertion of IS651-08, and in the case of BH1549, the size of the CDS (374 aa) was accidentally the same as the original one in spite of the insertion of IS653-05. Thus, among 89 intact ISs of 16 kinds identified in this study, 12 intact IS elements of 7 kinds consequently seem to have affected a CDS by their insertion. However, it is still unknown how these ISs respond to external signals and how IS insertions are associated with changes in the phenotype of B. halodurans.
Changes in the C-125 genome that occurred during the course of subculture for 17 years. Strain C-125 was isolated from a soil sample by using an alkaline culture medium in 1970 (42) , and it was kept in the form of spores on a plate until 1977. This strain was characterized as a ␤-galactosidase producer and identified as a member of the genus Bacillus in 1977 (20) after being subcultured several times for experiments (21) . Thereafter, the strain was kept in the form of spores on a plate again until 1983. In the autumn of 1983, the strain was used in a study involving screening for xylanase production, and then it was lyophilized in an ampule and stored for the purposes of obtaining a patent for alkaline xylanase on 13 November 1983 (17, 18) . Thereafter, during the next 2 decades, it was quite often used in various experiments as an enzyme producer and as a standard strain for studies on the mechanisms of adaptation to alkaline environments. Now, we are very intrigued by the question of what kind of changes mediated by IS elements occurred in the genome, comparing the current strain (C-125-00) and the strain lyophilized in 1983 (C-125-83) because strain C-125 has been subcultured alternately under alkaline and neutral conditions during the past 2 decades. Therefore, we examined the pattern of amplification of IS elements from the genome, comparing the two strains, C-125-83 and C-125-00, by PCR using the primer sets shown in Fig. 6 . All IS elements identified were amplified from the C-125-83 genome and the C-125-00 genome (Fig. 6) , showing exactly the same amplification pattern in both cases, suggesting that no IS element except for indigenous ones in the C-125-83 genome had transposed in the genome during the past 17 years.
We designed appropriate site-specific primer sets for IS elements localized in each position in the genome (Table 1 ) and compared each PCR fragment from the genomes of the two strains (C-125-83 and C-125-00) to investigate what kind of internal rearrangement in the genome had occurred through the action of IS elements. In addition, the patterns of digestion of chromosomal DNA from these two strains with various restriction endonucleases were also compared to check whether any changes had occurred in the genome during the 17-year period of subculture. All IS elements located in noncoding regions of the genome were amplified by PCR with exactly the same pattern between strains C-125-83 and C-125-00 for comparison of the DNA fragments amplified from the two strains using primers specific for each of 11 IS element members (IS641-03, IS643-01, IS651-10, IS652-02, IS653-01, IS654-03, IS655-04, IS656-02, IS657-05, IS660-05, and Bh.Int-03) (data not shown). Also, the amplification patterns of 12 IS elements inserted in CDSs (IS652-14, IS655-03, IS655-05, IS656-01, IS656-03, IS651-08, IS651-17, IS653-05, IS657-01, IS658-01, IS658-03, and IS658-04) were the same between strains C-125-83 and C-125-00. Furthermore, there was no difference between the two strains in terms of the pattern of digestion of chromosomal DNA comparing fragments in the large molecular size range, from 48.5 to 533.5 kb (AscI and I-CeuI), or comparing fragments in the small molecular size range, from 9.42 to 97 kb (PacI, SmaI, BssHII, and SwaI) (data not shown). These results demonstrate that the insertion of IS elements into CDSs and noncoding regions in the genome occurred at least before 1983 and presumably before 1970, when B. halodurans C-125 was isolated because this strain had been kept in the form of spores on a plate, as mentioned above.
The B. halodurans genome contains 120 IS elements, and 91 of them still in the intact form seem to have the potential to transpose themselves into the genome of their host or the genome of another strain. However, there is no sign of transposition of IS in the genome of strain C-125 during the past 17-year period of subculture in the laboratory with the cells grown in Horikoshi II medium under neutral or alkaline conditions. This indicates that the genome of B. halodurans C-125 is quite stable. Therefore, it is of interest to determine when the IS elements jump in the genome and what triggers their transposition. As mentioned above, we have a specific interest in how the behavior of ISs and internal rearrangement in the genome affects enzyme productivity and the stability of enzyme production, especially when systematic breeding of the strain is attempted for industrial applications. As the first step to answer the above questions, we are now looking for the trigger of the transposition of IS elements.
